The purpose of the present study was to compare two methods for estimating the hydraulic conductivity near saturation with disc permeameters, and to identify their merits when studying runoff on sloping land. The soil's hydraulic conductivity (K) was measured with disc permeameters at a sequence of nominal pressures (1) in three blocks with average slope gradients of 11.0% (two occasions), 21.5% (two occasions) and 29.3% (one occasion), respectively, within a sloping area, 40 m wide and 100 m long. Two different methods were used. In the frst, the split location method, the permeameter was moved to an adjacent spot after measurement at each applied 1. The estimate of K(1) was based on measured sorptivity, steady state volumetric fow, initial volumetric water content and the volumetric water content at the applied 1. In the second method, the one location method, the permeameter was not moved during the measurements at each sequence of applied 1 and the estimate of K(1) was based only on steady state volumetric fow and piece wise application of the exponential relation between K and 1. The latter method generally gave smaller estimates of K than the former on the gentle slopes. These differences were smaller or negligible on steeper slopes. The slope gradient and the conditions in the uppermost soil layers had a defnite infuence on the values of K obtained. The one location method is recommended in studies in which disturbance of the soil surface must be kept to a minimum, as is the case in experimental plots.
Introduction
The disc permeameter is becoming increasingly popular for determining the soil's hydraulic conductivity near saturation (e.g. Smettem & Clothier, 1989; Ankeny et al., 1991; Reynolds & Elrick, 1991; White et al., 1992; Messing & Jarvis, 1993) . There are several different procedures for making the measurements and treating the data obtained. We here compare two procedures. One is based on measurements of sorptivity, steady state infltration rate and the difference between initial and fnal soil water contents (White et al., 1992) . The measuring device has to be moved to a new location for each new increment in applied water pressure. The other method needs only measurements of steady state infltration rate (Ankeny et al., 1991) and has the advantage of avoiding time consuming sampling for initial and fnal soil water contents. The device therefore need not be moved to a new spot between measurements, and so the method disturbs less topsoil, which may be desirable if measurements are taken on experimental plots.
When disc permeameter tests are carried out on a sloping surface, the applied pressure varies from the upslope to the downslope side of the interface between disc and soil. The Correspondence: I. Messing. E mail: Ingmar.Messing@mv.slu.se Received 24 November 1998; revised version accepted 16 August 1999 applied pressure then relates to the midpoint of the disc. Downslope it increases linearly over the interface to a maximum at the lower edge. A slightly negative pressure (i.e. near saturation) applied at the centre of the disc may impose a concomitant positive pressure at the lower edge. Sullivan et al. (1996) avoided this feature on gently sloping sites by placing the capping contact sand layer on the soil surface and building it up level. On steep slopes, it may be necessary to create a 'bench' (Sullivan et al., 1996) , but this may disturb and remove surface soil, which may be of relevance in studies of the impact of crusting or sealing on infltration.
We have compared the two methods for estimating the hydraulic conductivity near saturation with disc permeameters and identifed their merits when studying runoff on sloping land, especially with regard to simplicity of operation and the amount of disturbance. The measurements were made on the sloping soil surface without levelling the surface or the capping sand.
Materials and methods

Site description
The measurements were made at the experimental station Germa n Greve Silva, in Santiago, Chile (33°28'S, 70°50'W), Table 1 ). The measurements were taken within a sloping area, 40 m wide and 100 m long. The measurements were arranged in fve plots in each of three blocks (I, II and III) in a randomized block design. Blocks I, II and III had average gradients of 11.0, 21.5 and 29.3%, respectively (Table 1) . Each plot measured 2.5 m X 2.0 m, and the plots were spaced approximately 5 m apart within the blocks, which were 30 m apart. Measurements were repeated in Blocks I and II (here called Blocks IB and IIB, respectively) 8 weeks after the frst measurements (here called IA and IB). This was done to consider temporal variation of the measured properties.
The soil was sampled from the uppermost 20 40 mm depth for particle size analyses in Blocks I and III, and two undisturbed soil cores (50 mm deep and 72 mm in diameter) were taken from the soil surface in each plot in Blocks I and II to determine dry bulk density and water retention at free drainage. The soil cores were slowly saturated from their bases. Water content at free drainage (corresponding to 25 mm pressure at half the height of the cores) was determined at gravity equilibrium. Before making measure ments with the permeameter, we sampled the loose soil between 0 and 40 mm depth in each plot to determine initial water contents. After each infltration run with the split location method, a soil sample was taken from the uppermost 2 5 mm to determine fnal soil water content at each actual applied pressure. Gravimetric water contents were determined after oven drying at 105°C.
The clay content is similar in Blocks IA/IB and Block III whereas the silt/sand ratio is larger for Blocks IA and IB (Table 1 ). This might have been caused by erosion carrying silt downslope. There was a thin crust on the soil in all blocks except the steepest (Block III). The averages and ranges of dry bulk density and soil water retention in the large pore system (at 25 mm pressure) were almost identical for Blocks I and II (Table 1) , as were the other water retention values at pressures 3000, 6000, 10 000, 50 000, 100 000 and 150 000 mm.
The study was made after a 10 month drought when the vegetation cover was sparse. We began our measurements with the disc permeameter in Block IA and then proceeded in the order IIA, III, IB, IIB. During the measurements it rained twice: the frst (6.8 mm) during measurements in Block III, and the second (33.7 mm) immediately before measurements in Block IIB. Initial soil water contents (8 0 ) were similar in (Table 1) .
Field measurements
Two CSIRO disc permeameters (CSIRO Centre for Environmental Mechanics, Canberra, Australia) of the design described by Perroux & White (1988) were used. Care was taken when setting up the instruments not to disturb the soil surface on which a thin layer of moist fne sand was applied at each measurement location as a patch with a diameter equal to that of the permeameter disc (200 mm). This smoothed out any irregularities of the soil surface and ensured good contact between permeameter and soil. We used moist sand, as distinct from dry sand, so that the sand did not fall into the large pores opening at the soil's surface and form 'wicks' (Messing & Jarvis, 1993) . The permeameter was placed on the contact sand and, if necessary, supported by stands. The infltration rate was recorded from the onset of measurement until it reached steady state.
Infltration was measured at nominal pressures of 100 (alternatively 80 or 90), 60, 40, 20 and 10 mm. Each sequence of infltration runs followed two different methods. In the frst method, which we call the split location method, we moved the permeameter after a measurement at an applied pressure to a new position within 0.2 m for the measurement at the next pressure in the sequence. Each sequence of infltration runs was made within a 1 m 2 area. In the second method, which we call the one location method, the permeameter was left in place during the entire sequence of applied pressures. At each location, the measurements started with the smallest pressure ( 100, 90 or 80 mm), increasing in steps to the largest pressure. An ascending sequence was adopted to avoid hysteresis as a result of progressive drainage close to the disc while wetting continued at the infltration front (Reynolds & Elrick, 1991) .
As implied above, the permeameters were inclined at an angle (to the horizontal) corresponding to that of the soil surface. Superfcial water fow was occasionally observed at nominal applied pressures (1) of 10 mm. When that happened we stopped measurement and decreased 1 to a value at which no superfcial fow was observed. One sequence of infltration runs was made on each plot for each of the two methods. The split location method, however, generated some missing data in Blocks IA and IIB, and one extra sequence was carried out in Block IB. Actual applied pressures during the runs were within : 10 mm of the nominal pressure. The time required to reach steady state infltration at each pressure varied from 30 min at 100 mm to less than 15 min at 10 mm. We acknowledge that the concept of steady state is debatable. As summarized by Logsdon (1997) , infltration into heterogeneous soil will be governed by an increasing and heterogeneous volume of wetted soil. Short term measurements may be infuenced by factors such as water repellency, changes in the mesopores, and temperature. Long term measurements are diffcult (Logsdon, 1997) . However, we are concerned with only the uppermost few centimetres, and so we chose to make short term steady state measurements. The time for reaching steady state was defned from the graph of cumulative infltration depth against time at the point when the data became linearly related.
Analyses to estimate the hydraulic conductivity
The two methods used to estimate the hydraulic conductivity, K, at the different applied pressures, 1, are based on Wooding's solution for three dimensional fow from a circular source with a constant 1 at the infltrating surface (Wooding, 1968) . If we assume K to be much larger than the hydraulic conductivity at the initial pressure then we can write Wooding's equation as
a where Q is the volumetric fow at steady state, r is the radius of the circular source, and a is the exponential slope of the assumed relation between K and 1. White et al. (1992) described the frst strategy, used for the split location method. The estimation of K(1) is based on measured Q, sorptivity (S), initial volumetric water content (8 0 ), and the volumetric water content at the applied pressure (8), so that
8 -8 0 0.55 (White et al., 1992) . The S values were obtained at early time infltration from the slope of the graph of cumulative infltration against the square root of time, t, and Q values at steady state from the slope of the graph of cumulative infltration against t.
In the one location method, we adapted a solution by Ankeny et al. (1991) and Reynolds & Elrick (1991) . It needs measurements only of Q, which is estimated as for the split location method. However, with the one location method there is a bulb of wetted soil below the infltration surface at the start of the test at all values of 1 except the frst (driest). We assume that the soil water regime at steady state approximates to that as if the test had started with no wetted bulb of soil to conform with requirements of the Wooding's solution. The analysis is based on the assumption that Equation (1) and the Gardner (1958) function:
where K s is the hydraulic conductivity at saturation, can be applied piece wise such that a is constant between two consecutive applied pressures 1 i and 1 i+1 (Reynolds & Elrick, 1991) . Then
where q is the steady state infltration rate (= Q u / r 2 ), and n is the number of applied pressures used. Note that 1 i > 1 i+1 and thus q i > q i+1 , although the measurements in the feld were made at an ascending sequence of applied pressures. Rearranging Equation (1) gives
where the steady state infltration rates at the midpoints between adjacent applied pressures (1 i + 1 i+1 )/2 are assumed to be given by
Two additional paired values of K and 1 can be obtained if we assume that the values of a at the largest and smallest pressures equal a 3/2 and a n-1/2 , respectively:
where b is a dimensionless constant with a value between 1 and u/4. We adopted a mean value of b for feld soils equal to and
Results and discussion
A comparison (by block) of the data from the two methods shows smaller K values for the one location method ( Figure  1a e). Differences are smallest or non existent in the block (III) with largest gradient. An analysis of specifc plots with almost identical curves of cumulative infltration against time with the two methods supports the observation of smaller K (1) values for the one location method and intimates that differences result from the methods of determining K. In Equations (1) and (2), the frst term on the right hand sides represents the contribution to fow resulting from gravity, and the second term the contribution due to capillarity. One weakness with the data on S, Equation (2), derived from early time infltration for the split location method, is that they are valid only for the uppermost layer of soil. Where there is a change in soil water content, soil structure or soil texture with depth, the capillary forces acting at the steady state fow for determining Q will differ from those defned by the initial S. Therefore, the estimation of S is crucial for determining K with the split location method, and erroneous determinations can be made in anisotropic soils or soils with crusts. There were crusts on the soil in Blocks IA, IIA, IB and IIB. The larger K found in these blocks for the split location method may thus partly depend on underestimated S. In Block III, where there was no crust, the values of K were similar for the two methods. Furthermore, when we measure S we assume that fow is one dimensional at small times (Youngs, 1987) . Larger values of Q due to lateral movement of water from the infltrating area if small enough time increments are not used would increase the values of K. However, the time increments in the present study were small at early times (30 s).
As the slope gradient increased there was a tendency for K to become larger for both methods (Figure 2 ). This could be attributed to changes in soil with increasing slope gradient. Blocks IA and IIA seemed to be similar (except for slope gradient) ( Table 1) . Block III differed in that no thin crust was observed and that it had a smaller silt/sand ratio ( Table 1) . The tendency could also be an artefact of the infuence on infltration rate of the variation in pressures between upslope and downslope sides of the disc (White et al., 1992) . The nominal applied pressures are calibrated for measurement on level surfaces and represent, in the case of sloping surfaces, the pressure in the middle of the disc. The downslope part, where 1 is larger than at the middle of the disc, will have a larger infuence on K, because of the exponential relation between K and 1 giving rise to larger effective K values than would be obtained on level ground. For example, if we assume that Blocks IA and IIA are similar, except for slope gradient (Table 1) , then by moving the Block IIA split location data points in Figure 2 approximately 10 mm 1 units to larger values (left) we should obtain coalescing values. This suggests an infuence of +10 mm 1 per 10% slope gradient. A corresponding correction for the one location method would be +20 mm. Our results from the split location method were less sensitive to slope gradient changes than those from the one location method.
One way of diminishing the impact of the larger applied pressure at the lower portions of the interface between disc and soil could be to use permeameters with smaller discs. However, this would at the same time make the infltrating area less representative of the variation of macropores at the soil surface (Scotter et al., 1982) .
We observed that Block IB had slightly smaller K values than Block IA, and that Block IIB had smaller values than Block IIA (Figure 1a,b,d ,e). The differences were equally large for the two methods and were caused mainly by the impact of the two rain events on the soil surface (increasing 8 0 ) before measurements were made in Blocks IB and IIB.
Conclusions
We have shown that the one location method generally gave smaller estimates of K than did the split location method. This difference decreased in more moist soil and at larger slope gradients and was primarily attributed to the divergences in the procedures of determining K.
The use of disc permeameters on sloping land causes problems because it is diffcult to determine the effective nominal applied pressure as a result of variation in the pressure between upslope and downslope sides of the disc. Our results should therefore be regarded as relative, rather than absolute. However, we regard the disc permeameter to be such a useful tool that it should not be excluded from use on sloping land. We recommend further studies on the infuence of slope on disc permeameter measurements.
Results from the two methods have been widely reported. The choice of method basically depends on the aims of a particular study and the time and fnance allocated. The one location method avoids the time consuming sampling for the determination of initial and fnal water contents and the problems related to the determination of sorptivity. Since all the measurements for each sequence of infltration runs are made at the same place, it is necessary to prepare only one site, and so the method requires little land. In view of this, the one location method is recommended rather than the split location method for experimental plots.
